Purpose. The specific aim of this study was to conduct a systematic review of the literature to assess outcomes data on complications and aesthetic results associated with autologous tissue-based breast reconstruction performed before or after chest wall irradiation. Methods. Studies from a PubMed search that met predetermined inclusion criteria were identified. Complications of interest included partial or total flap loss, fat necrosis, thrombosis, infection, seroma, hematoma, delayed wound healing, and flap fibrosis/contracture. Pooled complication rates were calculated. Results. A total of 20 articles were included in the study for autologous reconstruction. These primary articles were selected after screening 897 publications, with six studies presenting data on pre-reconstruction radiation, nine studies presenting data on post-reconstruction radiation, and five studies presenting data on both patient groups. Comparison of pooled complication rates between flaps irradiated before or after reconstruction were statistically similar, including total flap loss (1 vs. 4 %), wound healing complications (10 vs. 14 %), infection (4 vs. 6 %), hematoma (2 vs. 1 %), seroma (4 vs. 4 %), and fat necrosis (10 vs. 13 %). The pooled rate of flap contracture and fibrosis was 27 % in flap reconstructions exposed to radiotherapy. Statistical evaluation of aesthetic outcomes was impossible as a result of variability in assessment and reporting methods.
Conclusions. Review of the current literature suggests similar rates of complications and success rates in autologous breast reconstruction patients exposed to pre-or postreconstruction radiation. Immediate autologous reconstruction should be considered as a viable option even in patients who are likely to require postmastectomy radiotherapy.
The full impact of chest wall irradiation (XRT) on breast reconstruction is not completely understood. XRT is often used as an adjunct treatment to surgery for breast cancer to further reduce the risk of locoregional recurrence. 1, 2 Autologous tissue breast reconstruction is favored in the setting of radiotherapy but poses a unique set of challenges and potential complications when compared to other reconstructive techniques.
Previous studies have looked at the effects of XRT before or after flap reconstruction of the breast. 3 Radiotherapy after immediate autologous breast reconstruction has historically been thought to result in suboptimal outcomes. 4, 5 On the basis of evidence from some of these studies, expert opinions and recommendations have been made favoring delayed autologous reconstruction after completion of postmastectomy radiotherapy to improve outcomes. 6 However, others have shown that with current radiation delivery, this dictum may no longer hold true and that women can have the same benefits of an autologous breast reconstruction without waiting an extended period of time without a breast. 7 Moreover, most studies on this subject are based on limited study samples, and the quality of evidence has not been adequate to assess the appropriate timing of reconstruction relative to delivery of chest wall XRT. High levels of evidence comparing this variation in autologous reconstruction strategies are lacking and possibly not feasible as a result of challenges associated with patient randomization in this setting. Nevertheless, clinical decisions regarding management of breast reconstruction patients needs to be based on the best available evidence. This evidence is most effectively evaluated through a rigorously designed systematic review.
The aim of this study was to perform a critical appraisal of currently available literature using previously described methods of search integrity to evaluate complication data and aesthetic outcomes on autologous tissue-based breast reconstruction before and after chest wall XRT. 8 This would help guide the decision-making process for the timing of autologous reconstruction when radiotherapy is necessary.
PATIENTS AND METHODS

Search Criteria
A thorough literature search was conducted using PubMed in August 2012 to identify citations reporting outcomes of autologous tissue flap-based breast reconstruction in the setting of radiotherapy. The search terms used were ''breast reconstruction,'' ''breast reconstruction and radiation,'' and ''autologous flap and radiation.'' Multiple authors independently examined the titles and abstracts of citations and generated a list of articles for review.
Inclusion and Exclusion Criteria
Studies were assessed against predetermined inclusion criteria (Table 1) . This included primary data from prospective and retrospective observational studies. Only human studies that examined the outcomes of autologous flap-based breast reconstruction in women with pre-or post-reconstruction XRT were considered eligible. The former included patients who underwent breast XRT as part of breast-conservation therapy before mastectomy.
Studies were excluded if the timing of radiotherapy relative to the reconstruction could not be determined. Studies that focused solely on implant-based reconstruction or mixed autologous-implant reconstruction combinations were also excluded.
Data Abstraction
The data were extracted from studies satisfying the inclusion criteria and verified by multiple authors. Any disagreements were resolved by consensus. Variables extracted included: study design, patient demographics, method and timing of reconstruction relative to radiotherapy, mean follow-up time, specific complication rates, and aesthetic outcomes. Complications included seromas, hematomas, infections, delayed wound healing, flap fibrosis or contracture (flap fibrosis or contracture are referred to as fibrosis in the rest of the article), vascular thrombosis, fat necrosis, partial flap necrosis, and total flap necrosis.
Complications were reported per breast reconstruction and limited only to the irradiated breast. Because each operation on a breast had potential for complications, multiple complications could be recorded per breast depending on the study design. Reconstructions were considered failures if flaps underwent necrosis significant enough to require further reconstruction with a new flap or removal of the breast mound without further intervention. Reconstructions were considered successful and complete in patients who had viable flap reconstructions with only minor revision procedures for symmetry or aesthetic improvements.
Aesthetic outcomes presented in the selected studies were also documented in both study groups.
Statistical Analysis
Our outcomes of interest included complications related to autologous breast reconstruction. It was not possible to conduct a rigorous meta-analysis model of these studies because the outcomes of interest were not reported with a uniform standard, and there was significant heterogeneity between studies in terms of design, patient characteristics, and outcome estimates; this lack of uniformity made any statistical evaluation of aesthetic outcomes impossible. From extracted frequencies of the outcomes of interest and the number of autologous flaps for each outcome, we report the rates and 95 % confidence interval (CI) for each Had no relevant extractable outcomes Not published in English possible complication using the variance-stabilizing Freeman-Tukey double arcsine transformation method. Overall estimates and 95 % CIs of each outcome of interest were pooled for studies according to whether reconstruction was performed before or after administration of radiotherapy using a random effects meta-analysis of the FreemanTukey-transformed proportion (Table 2) . Variance between studies was estimated by the DerSimonian-Laird estimator with Chi-square tests of heterogeneity for all outcomes of interest, supplemented by the descriptive measure of I 2 . I 2 is often used as a descriptive measure to represent the proportion of total variation in the estimates of treatment effects that is due to heterogeneity (difference between studies) rather than to chance. To explore comparisons between pre-reconstruction and post-reconstruction radiotherapy, we report the overall point estimates of each complication rate with confidence intervals, even with significant heterogeneity. We provide forest plots to visualize both the heterogeneity and trends in estimates. All quantitative analysis was performed in R by the meta and rmeta packages.
RESULTS
Study Retrieval and Characteristics
A total of 897 citations were identified from our initial PubMed search (Fig. 1) . The application of predetermined inclusion and exclusion criteria (Table 1 ) resulted in 20 selected articles to be assessed for the study. Studies included were published in the years ranging 1994-2012. A summary of study characteristics is included in Table 3 .
Summary of Complication Rates
Significant heterogeneity was noted between studies with overlap of CIs for multiple complication rates. This overlap of CIs is demonstrated in a selected forest plot diagram for wound healing complications (Fig. 2) .
Wound healing complications were reported in six studies in the pre-reconstruction group and four studies in the post-reconstruction group. 4, 5, [9] [10] [11] [12] [13] [14] [15] The pooled rate of wound healing complications was 10 % (95 % CI 0.04-0.77) in 705 flap reconstructions performed after chest wall radiation versus 14 % (95 % CI 0.00-0.38) in 118 flaps exposed to radiation.
Fat necrosis rates were reported in nine studies in the prereconstruction group. 9, 10, [12] [13] [14] [16] [17] [18] [19] Fat necrosis rates were reported in 12 in the post-reconstruction group. 4, 5, [13] [14] [15] [18] [19] [20] [21] [22] [23] [24] The pooled rate of fat necrosis was 10 % (95 % CI 0.06-0.14) in 872 flap reconstructions preformed after chest wall radiation versus 13 % (95 % CI 0.07-0.20) in 463 flaps exposed to radiation.
Postoperative infection rates were reported in eight studies in the pre-reconstruction group. 9, 10, 12, 13, [16] [17] [18] [19] Seven studies in the post-reconstruction group reported these CI confidence interval, XRT radiotherapy rates. 4, 5, 13, 18, 19, 22, 24 The pooled rate of postoperative infections was 4 % (95 % CI 0.02-0.06) in 802 flap reconstructions performed after chest wall radiation versus 6 % (95 % CI 0.03-0.10) in 213 flaps exposed to radiation.
Rates of hematoma occurrence were reported in four studies in the pre-reconstruction group. 10, 13, 17, 18 Five studies in post-reconstruction group reported these rates. 4, 13, 15, 18, 24 The pooled rate of postoperative hematomas was 2 % (95 % CI 0.01-0.04) in 375 flap reconstructions preformed after chest wall radiation versus 1 % (95 % CI 0.01-0.04) in 160 flaps exposed to radiation.
Seroma rates were reported in six studies in the prereconstruction group. 10, 12, 13, 16, 17, 19 Four studies in the post- reconstruction group reported these rates. 4, 13, 15, 24 The pooled rate of postoperative seromas was 4 % (95 % CI 0.02-0.05) in 583 flap reconstructions performed after chest wall radiation versus 4 % (95 % CI 0.00-0.12) in 135 flaps exposed to radiation.
Rates of flap fibrosis were addressed in nine studies in only the post-reconstruction group. 4, 5, 14, 15, 19, 20, [23] [24] [25] The pooled rate of flap fibrosis as a result of post-reconstruction radiation was 27 % (95 % CI 0.12-0.45) in 368 flap reconstructions.
Total flap loss rates were addressed in 11 studies in the pre-reconstruction group. [9] [10] [11] [12] [13] [14] [16] [17] [18] [19] 26 Twelve studies in the post-reconstruction group reported this information. 4, 5, [13] [14] [15] 18, 19, [21] [22] [23] [24] 26 The pooled total flap loss rate was 1 % (95 % CI 0.00-0.02) in 1011 flap reconstructions performed after chest wall radiation versus 4 % (95 % CI 0.00-0.04) in 426 flaps exposed to radiation.
Rates of partial flap necrosis were addressed in nine studies only in the pre-reconstruction group. 9, [11] [12] [13] [14] [16] [17] [18] [19] The pooled rate of partial flap necrosis was 6 % (95 % CI 0.03-0.11) in 728 flap reconstructions performed after chest wall radiation.
Rates of vascular thrombosis in free flaps necessitating an intraoperative intervention or reoperation were addressed in three studies, all in the pre-reconstruction XRT group. 9, 10, 12 The pooled rate of vascular thrombosis was 4 % (95 % CI 0.03-0.06) in 515 flap reconstructions performed after chest wall radiation.
Our post hoc power calculation using fat necrosis as the outcome yielded 78 % power to detect a difference of 10 % between groups on the basis of the sample of 1,355 reconstructed breasts. Less power was found for all other complication comparisons as a result of fewer flaps and estimates closer to 0 %.
DISCUSSION
Breast reconstruction is a multifaceted process that ideally requires a multidisciplinary approach to patient management. It is well established that there is a survival advantage with the use of postmastectomy XRT. 27 However, there are clearly detrimental effects of XRT on both chest wall soft tissue and autologous flaps utilized in reconstruction. The impact of XRT on implant-based breast reconstruction in general has been documented in multiple studies, with clinically significant complications and implant loss rates with radiation exposure. 28, 29 The resultant complications and overall outcomes with flap-based surgery before or after radiotherapy are more subtle.
The decision-making process between immediate and delayed breast reconstruction for the patient requiring postmastectomy radiotherapy takes into consideration oncologic factors as well as reconstructive outcomes. Delayed autologous reconstruction is traditionally favored when radiation is needed for multiple reasons, including an avoidance of a potential delay in the time to radiation delivery, an avoidance of potentially compromising the actual delivery of radiation to the chest wall, and finally an avoidance of radiation-induced morbidity to an otherwise successful flap reconstruction.
From an oncologic standpoint, postoperative complications with immediate reconstruction may lead to delays in initiating postmastectomy XRT. 30 This concern is not limited to patients requiring postmastectomy radiotherapy; it is also a concern for a greater number of patients who require adjuvant chemotherapy. However, with anticipated adjuvant chemotherapy, typically beginning 4-6 weeks after reconstruction, most would not hesitate to offer immediate reconstruction, although delays are possible as a result of postoperative complications. It is reasonable to suggest that if immediate reconstruction can be done effectively with planned adjuvant chemotherapy, it can also be done effectively with planned postmastectomy radiotherapy. Concerns about compromising the ability to radiate the chest wall and internal mammary lymph nodes without overly radiating the heart and lungs have been raised. 30 However, a recent treatment planning study has showed that adequate radiation doses to the reconstructed breast are feasible with clinically acceptable doses to the heart and lungs even when the internal mammary nodes are included. 7 Thus, a major argument against immediate reconstruction may no longer be an issue with appropriate three-dimensional planning.
This systematic review of the literature attempts to address questions related to complications and flap compromise as a result of radiation delivery before or after autologous breast reconstruction. In our review of 20 relevant articles with over 1,500 flap reconstructions, pooled individual complication rates in patients exposed to radiation before or after reconstruction were found to be relatively low overall. No significant differences in measurable postoperative complications including total flap loss, wound healing complications, infection, hematoma, seroma, and fat necrosis were found in comparing both groups of patients.
Flap fibrosis was found to occur at a pooled rate of 27 % in flap reconstructions exposed to radiotherapy. This sequelae of radiotherapy should really be expected in most flaps exposed to radiation. The clinically relevant question ultimately depends on the severity of the fibrosis and the subsequent effect on patient satisfaction and the aesthetic outcome of reconstruction. Flap fibrosis that ultimately ends up in a slightly firmer, less ptotic breast can be deemed less significant as opposed to fibrosis that requires an additional flap to augment or replace the existing reconstruction. Rogers and Allen 5 in evaluating the effect of radiotherapy on deep inferior epigastric perforator (DIEP) flaps, found significantly higher rates of flap fibrosis, fat necrosis, and shrinkage compared to nonradiated flaps. In fact, 16.7 % (5 of 30) of the radiated flaps had a contracture deemed severe enough to require a secondary flap to the area. However, they did not find that these radiation changes resulted in an increased number of flap revisions and contralateral mastopexies in comparison to the nonirradiated control group. In other words, radiated and nonirradiated patients needed similar numbers of flap revisions and contralateral procedures for symmetry. Tran et al., in radiated pedicled and free transverse rectus abdominis myocutaneous (TRAM) flaps, also reported a 24 % (10 of 41) flap contracture rate requiring an additional flap to create a breast mound. 23 Findings from these studies are in contrast to a more recent study by Chang et al. 7 who in evaluating over 300 flaps found that none of the flaps exposed to postoperative radiation experienced significant shrinkage or volume loss requiring a secondary autologous flap procedure. They found that flaps with postoperative radiation exposure actually had a significantly lower incidence of ipsilateral revisions. This finding of fewer revisions was thought to be due to better baseline results gained from performing skin-sparing mastectomies with immediate reconstructions.
Our attempts to analyze aesthetic outcomes of both reconstructive approaches in this review were unsuccessful as a result of the lack of uniformity in methods of assessing aesthetic outcomes. Carlson et al. 18 used four blinded reviewers and a 3-point grading system to evaluate aesthetic results from postoperative photographs of pedicled TRAM patients exposed to radiation before or after reconstruction. No significant differences in scores were noted in these two patient groups. Huang et al. 21 evaluated aesthetic results in immediate TRAM flaps exposed to radiation after reconstruction by patient self-assessments, performed in clinic or over the phone. Using a 4-point grading scale, 70 % of patients reported good to excellent results. Rogers and Allen 5 reviewed before and after photographs of 10 irradiated DIEP flaps comparing them to similar nonirradiated flaps, with blinded evaluations from eight judges ranging from a plastic surgeon to a layman. A 5-point grading scale was used to evaluate symmetry, the position of the superior pole, and overall aesthetic proportion, with findings of decreased (aesthetically diminished) average scores for irradiated flaps compared to increased (aesthetically improved) average scores in the nonirradiated controls. Chang et al. 7 assessed shrinkage and distortion in addition to overall cosmetic outcomes in microvascular breast reconstructions exposed to radiation. With three surgeon evaluators using a 4-point grading scale, no significant differences were found in distortion or cosmetic score when comparing patients exposed to radiation before or after reconstruction. As is illustrated in these selected studies, conflicting outcomes on flap fibrosis, flap contractures, and aesthetic outcomes in the irradiated patient contribute to the difficulty encountered when attempting to provide accurate reconstruction recommendations.
This study has a number of limitations. Most importantly, the results found are limited by the strength of the available evidence in the literature. Heterogeneity between included studies was significant, likely the result of clinical and methodological differences between studies. Additionally, there was an absence of randomized controlled trials exploring this important question. Pooled estimates had wide CIs with overlap between groups as a result of the limited number of studies with extractable data. Outcomes reported by individual studies were also not uniform, precluding rigorous statistical comparison of outcomes in patients exposed to pre-reconstruction or post-reconstruction XRT. Pooled estimates of aesthetic outcomes were not possible as a result of significant variability in methods of assessment and reporting.
Complications data from this systematic review, in addition to evidence from multiple recent studies, challenge the traditional recommendation for delayed autologous reconstruction in the patient known to require postmastectomy radiation. Although delayed autologous reconstruction represents a reasonable option, the benefits of immediate autologous reconstruction should not be overlooked, even in patients known to require postmastectomy radiotherapy. Women requiring postmastectomy radiotherapy should be fully apprised on what is understood on this subject, allowing them to make an informed choice on immediate or delayed autologous breast reconstruction.
